Bubbles in a standing sound field can be trapped at a pressure antinode and driven to strongly nonlinear oscillations with fast collapse, whereby shock waves and also faint, short light pulses are emitted. The physical and chemical processes in the interior of the bubbles associated with these phenomena are still not completely understood and also defy spatially resolved experimental investigation. Numerical modeling primarily relies on continuum methods by solving partial differential equations. Here an alternative approach is presented. The processes within collapsing sonoluminescing bubbles are investigated by molecular dynamics (MD) simulations with several million particles.
The Model
The MD simulation uses an event-driven hard-sphere model with point collisions between particles [1, 2] . Different chemical species (noble gases, water vapor and chemical compounds of O and H) are implemented. For a more accurate description of the particle interaction, a Variable Soft Sphere (VSS) model [3] is used: the diameter of the hard spheres depends on the relative kinetic energy of the collision partners. Thus the fact that two particles with similar velocity vectors have a strong effect on each other is incorporated in the model.
The bubble wall is simulated as a spherical boundary whose motion is calculated by the Rayleigh-PlessetEquation (RPE) that includes a term describing the sound radiation in the liquid:
where 7 is the bubble radius, the gas pressure at the bubble wall. The pressure is determined from particle collisions given by the MD simulation. A thermal boundary layer in the liquid is implemented to model heat transfer between gas and liquid.
The MD simulation starts at maximum bubble expansion and stops at minimum radius before rebound. Beforehand, the bubble is expanded from a given equilibrium radius using the RPE with a polytropic model for the bubble interior. During its growth, water molecules evaporate into the bubble. The initial amount of vapor in the bubble is calculated from the saturation vapor pressure at ambient temperature. During the collapse, water condensation is taken into account by a sticking probability for each wall collision of a vapor molecule.
Near the end of the collapse, temperatures are sufficiently high to dissociate the water molecules trapped in the bubble.
The generated products are chemically active, so that reactions between
have to be taken into account. Bimolecular and katalytic reaction mechanisms are implemented for calculating the bubble chemistry. In order to determine the conditions in the bubble, hydrodynamic and thermodynamic quantities are calculated by averaging the corresponding particle properties (number, mass, energy etc.) over small volumes. To this end, the bubble is divided into 2000 symmetric cells (spherical shells) of equal volume. By taking the fields at subsequent times the spatio-temporal evolution of the physical quantities in the bubble can be analysed.
Results
Calculations with or more particles were done for bubbles with an equilibrium radius of a @ X " Q , that are . It is by now accepted that stably sonoluminescing bubbles mainly contain noble gases dissolved in the liquid, e. g. argon. Therefore, simulations were done for pure argon bubbles as well as for bubbles with noble gas mixtures. The influence of different effects on bubble dynamics was investigated by selectively switching them on in the calculations. The following results were obtained:
In most bubbles, shock-or compression waves were found, which lead to extreme temperatures and pressures. The strength of the collapse depends strongly on the maximum bubble radius. A greater maximum radius leads to a smaller minimum radius and thus a stronger compression with corresonding higher pressures and temperatures achieved at the bubble center.
The surface tension of the bubble has a significant influence on the dynamics, as it counteracts bubble growth during expansion and leads to a smaller maximum radius. Bubbles without surface tension reached a maximum radius of Existence of water vapor results in a bigger maximum radius, but does not lead to higher temperatures, as the light water molecules are trapped at the bubble center and weaken the shock, as seen with gas mixtures. Furthermore, water molecules have rotational degrees of freedom which absorb energy.
High temperatures near the end of the collapse lead to dissociation of water molecules. The chemical reactions of the fragments are mostly endothermic and reduce temperatures significantly. A bubble with water vapor reaches temperatures of about Fig. 1 shows the evolution of density in such a bubble. An incoming compression wave, focusing in the bubble center and afterwards running back to the bubble wall is visible. Fig.  2 shows the corresponding distribution of temperature.
Formation of OH-radicals, important for sonochemistry, is significant. In fig. 3 the number ratio of OH radicals to vapor molecules is plotted on a logarithmic scale to demonstrate the significant shift of dissociation equilibrium at the bubble center and in the outgoing shock wave. When turning to smaller bubbles (and to higher acoustic pressures and frequencies in order to produce a sonoluminescent bubble), conditions in the bubble get more extreme. 
Discussion
The MD model gives a detailed picture of the dynamics of the bubble medium. While still not predictive in a quantitative sense, it allows to estimate physical trends upon change of parameters and boundary conditions, that also correspond with experimentally observed results. Presumably, temperatures are overrated, as for example ionization is not implemented. Further enhancements and extensions of the chemical model are now being included.
